Recent segmental duplications (SDs), arising from duplication events that occurred within the past 35-40 My, have provided a major resource for the evolution of proteins with primate-specific functions. KRAB zinc finger (KRAB-ZNF) transcription factor genes are overrepresented among genes contained within these recent human SDs. Here, we examine the structural and functional diversity of the 70 human KRAB-ZNF genes involved in the most recent primate SD events including genes that arose in the hominid lineage. Despite their recent advent, many parent-daughter KRAB-ZNF gene pairs display significant differences in zinc finger structure and sequence, expression, and splicing patterns, each of which could significantly alter the regulatory functions of the paralogous genes. Paralogs that emerged on the lineage to humans and chimpanzees have undergone more evolutionary changes per unit of time than genes already present in the common ancestor of rhesus macaques and great apes. Taken together, these data indicate that a substantial fraction of the recently evolved primate-specific KRAB-ZNF gene duplicates have acquired novel functions that may possibly define novel regulatory pathways and suggest an active ongoing selection for regulatory diversity in primates.
Introduction
Duplication of genetic material has contributed substantially to the expansion of the vertebrate genome. Such duplications can also create raw material for the evolution of new genes and have played a central role in the proliferation and diversification of gene families in many species. Recent segmental duplications (SDs), defined as duplications involving contiguous genomic segments that occurred within the past 35-40 My, have provided a major resource for the evolution of primate-specific genes (Bailey and Eichler 2006) . Such duplication events were especially accelerated about 12 Ma in the genome of the African great ape ancestor (Marques-Bonet et al. 2009 ).
However, newly generated gene copies, which would be redundant if not disruptive to the organism, typically become pseudogenes within a few million years (Hughes 1994; Ohno 1999; Lynch and Conery 2000) and only a few primatespecific gene families, genes, or protein domains have been described (e.g., the Morpheus gene family, Johnson et al. 2001 , and the DUF1220 domain family, Popesco et al. 2006) . On the other hand, about 10% of the known lineage-specific primate duplicates show signs of positive selection (Han et al. 2009 ), indicating that rather than being lost as pseudogenes or surviving as redundant copies, many gene copies have diverged to take on new functions.
One gene family that has given rise to a particularly large number of primate-specific duplicates encodes a specific class of transcription factors (TFs) in which Krüppel-type or C2H2 zinc fingers (KZNFs) are combined with a domain called KRAB (Krüppel-associated box) ). The KRAB-ZNF gene family has expanded dramatically in tetrapod lineages and corresponds to the largest family of TF genes in mammalian genomes (Thomas and Emerson 2009) . The family has grown primarily through tandem in situ SDs creating large gene clusters on several human chromosomes. The human genome contains more than 400 KRAB-ZNF genes, at least 136 of which are primate specific Huntley et al. 2006) . KRAB-ZNFs are thought to typically function as transcriptional repressors. The KRAB domain binds to KAP1 (aka TRIM28, TIF1B) that in turn recruits histone deacetylase and methylation complexes for modification of the chromatin structure (Ayyanathan et al. 2003) . By this interaction, the KRAB domain is thought to repress expression of target genes. The specific binding to the regulatory region of the target gene is transmitted by the ZNF domains, which are attached to the KRAB domain through a ''spacer'' region Thiesen et al. 1991) . Most KRAB-ZNF genes encode proteins that contain long tandem arrays of C2H2 zinc finger motifs. Regulatory specificity is thought to be determined by a zinc finger-DNA recognition ''code'' or at least a colinear relationship between amino acids within the zinc finger motifs and specific nucleotides at DNA-binding sites (Choo and Klug 1994; Kim and Berg 1996; Greisman and Pabo 1997) . Paralogs diversify primarily through changes in the number and structure of zinc finger motifs that can be predicted to alter DNA-binding properties (Shannon et al. 2003; Hamilton et al. 2006) . KRAB-ZNF gene family members have also stood out clearly in several genome-wide studies of human genes exhibiting signatures of adaptive evolution Nielsen et al. 2005) . This striking pattern of divergence and the sheer number of lineage-specific duplicates suggests that the KRAB-ZNF family has played a major role in regulatory evolution. In addition, the recent finding that one ancient KRAB-ZNF gene, PRDM9, determines recombination hotspots in human and mice (Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010 ) underscores the potential relevance of this family in species evolution.
We identified 70 predicted protein-coding loci embedded in human SDs including 24 gene copies that are found exclusively in great apes and hominids. To determine the pace of evolutionary change and potential functional diversity for these most recently evolved KRAB-ZNF members, we examined their structure and expression patterns. All but the most recently duplicated primate KRAB-ZNF genes display structural and/or expression divergence compared with parental genes that suggest acquisition of novel functions. These data, together with the fact that very few full-length KRAB-ZNF pseudogenes can be identified in the human genome , indicate that KRAB-ZNF copies are readily accepted as new genes after duplication and suggest a drive for novelty in primate gene regulatory networks.
Materials and Methods

Sequence Comparison
Exon coordinates of all human genes were obtained from Ensembl (Ensembl v54), and coordinates of human SDs were retrieved for HG18 from http://humanparalogy.gs. washington.edu (30 March 2007 release). Information about human KZNF genes including exonic DNA, protein, splice variants, and upstream genomic sequence was downloaded from http://znf.igb.uiuc.edu/human . Detailed information about chimpanzee, orangutan, and rhesus macaque KZNF loci will be described elsewhere (Nowick K, Gernat T, Fields C, Caetano-Anolles D, Kholina N, Stubbs L, in preparation) . In short, the genomes downloaded from the University of CaliforniaSanta Cruz database were scanned for hidden Markov model motifs of KRAB, SCAN, and ZNF domains as in and manually assembled to KZNF loci. Reciprocal BLAST, OrthoMCL, and synteny were used to identify orthologs. Ortholog presence was further confirmed by gene-specific polymerase chain reaction (PCR) targeting the ZNF array in a panel of various primates. The ZNF arrays of paralogous human KRAB-ZNF genes were manually aligned to analyze motif and sequence differences. To normalize for the time since the duplication event, we assumed a divergence time of 12-15 Ma between orangutan and human/chimpanzee and of 21-25 Ma to rhesus macaque (Glazko and Nei 2003) . Normalization was performed with the lower and with the upper estimate of divergence. To attach evolutionary time frames to different patterns of paralog divergence, we binned gene duplication events into three ''duplication epochs' ': ,12- Bailey and Eichler 2006) . Differences in ZNF number were further normalized for the number of ZNF domains in the older paralog and differences in DNA-contacting amino acids for the number of ZNF domains that aligned between the two paralogs.
To test for accelerated evolution, we calculated dN/dS values for the complete protein sequences as implemented in codeml program of the PAML suite (Yang 1997) . We further tested for amino acids under positive selection by comparing maximum likelihood values of the site models 1a versus 2a and 7 versus 8 (Yang, 1997) . Both gave qualitatively the same result with evidence for positive selection (uncorrected P value ,0.05) for nine clades. After correcting these P values for multiple testing of all clades (Bonferroni correction), four clades were significant. We defined as sites under positive selection the sites that reached a posterior probability of .95% for omega being .1 using the Bayes empirical Bayes (Yang et al. 2005 ).
Expression Comparison
We measured the expression of KRAB-ZNF genes using quantitative reverse transcript-PCR (qRT-PCR) and by analysis of Affymetrix microarrays. For qPCR analysis, cDNA was prepared from total RNA from 13 human tissues (from Clontech) using SuperScriptÒ III Reverse Transcriptase (Invitrogen) and random primers according to manufacturer's instructions. All qPCR primers were purchased as QuantiTect Primer Assays, designed for each of the specific genes tested (Qiagen). qPCR reactions of 20 ll were conducted in triplicate on 7900HT Real-Time PCR System (Applied Biosystems). Quantile normalization was performed across all qPCR runs using C t values for the glycerinaldehyde-3-phosphate-dehydrogenase (GAPDH) internal control, and KRAB-ZNF C t values were then normalized with this adjusted GAPDH expression value. Expression values were calculated as described by Livak and Schmittgen (2001) .
We obtained microarray profiles for a subset of the SD genes by analyzing a published Affymetrix microarray data set consisting of samples from five human tissues (brain, heart, kidney, liver, and testis) from six individuals each (Khaitovich et al. 2005) . We performed Spearman's rank correlation tests comparing expression patterns of each KRAB-ZNF gene with those of all genes expressed within the same tissues. Genes with that were correlated with P , 0.05 after Bonferroni correction were retained as members of the correlated gene set for each KRAB-ZNF gene.
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We analyzed only probes that matched perfectly and uniquely the human genome as previously described (Nowick et al. 2009 ).
We performed Spearman's rank correlatation tests for each KRAB-ZNF gene, comparing its expression pattern to all genes expressed within the same tissues. Genes that were significant with P , 0.05 after Bonferroni correction were considered to be correlated with that particular KRAB-ZNF gene. Significant excess in the number of overlapping correlated genes of pairs of KRAB-ZNFs was assessed by drawing 100 times two random genes and calculating their overlap of correlated genes. Likewise, we defined the expected number of overlap between the correlated gene sets by the mean overlap of these randomly chosen gene pairs. Gene ontology (GO) enrichment in the sets of correlated genes was tested versus all other genes expressed in these tissues using the program FUNC (Prüfer et al. 2007 ) with the settings: hypergeometric test, cutoff of five genes per group, and GO annotation from April 2008. GO categories with P , 0.05 before and after refinement are reported.
Results and Discussion
Recently Duplicated Genes
To identify genes embedded within SD, we intersected exon coordinates of all human genes with SD coordinates of the human genome. We required that at least one exon of the gene was completely duplicated and that the duplication event created a new predicted protein-coding gene. According to these criteria, 3,593 genes (9.6%) were recently duplicated ( fig. 1 ). Other TF clades found within SD coordinates include FOXD4, DUX4-LIKE, STAT5, TGIF2L, RHOXF2, and GTF2 family members.
All KZNF protein-coding genes except one pair, PRKRIP1/POM121, found in SD are members of a single subgroup, the KRAB-ZNF subfamily. Most (70/80) of these recently duplicated KZNF genes encode a KRAB-ZNF protein of archetypal structure, that is, a protein with one or more KRAB motifs and a ''spacer'' region linked to tandem Krüppel-type ZNF arrays (Bellefroid et al. 1995) (fig. 2A ). Tracking locations of pairs of sequence similar SDs shows that the majority of these SD-embedded gene family members were generated by tandem duplications, so that SDs housing new copies reside adjacent to parental genes within the same gene cluster. Typically, these tandem duplication events create new paralogs with the same exon structure as the parental gene copy.
The remaining recently duplicated KZNFs did not retain the canonical structure after duplication: they were copied as full-length genes with functional KRAB and ZNF motifs, but subsequently lost one or both KRAB-encoding exons . Such gene copies retain upstream 5#UTR exons and the large exon that encodes the spacer and multiple ZNF motifs. Many genes of this type are transcribed actively, and although they lack the KRAB effector domain, are thought to encode functional proteins (e.g., ZNF146, Ferbus et al. 1996; ZFP260, Debrus et al. 2005) . For example, the recent duplicate ZNF286B is missing the KRAB-A domain present in the parental gene ZNF286 and is predicted to encode a ''fingers-only'' KZNF protein (supplementary table S2, Supplementary Material online).
In addition to the 80 recently duplicated predicted KZNF-coding genes, SDs also contain 80 KZNF loci that are annotated as pseudogenes. These pseudogenes are often (74/80) partial duplicates of only the KRAB or ZNFencoding exons without upstream noncoding exons and typically contain stop codons . However, 21 of these pseudogene copies contain at least a complete open reading frame that could encode either a KRAB domain or ZNF motifs (supplementary table S2, Supplementary Material online).
In the following discussion, we will focus on duplication events that gave rise to paralogs encoding a KRAB-ZNF protein of archetypal structure and have at least 50% of their coding sequence contained within SD. This cutoff allows us to focus on the most recently duplicated genes with the highest likelihood of KRAB-ZNF repressor function. Fifty KRAB-ZNF genes fulfilled these stricter criteria (SD-KRAB-ZNF genes). Genes in corresponding SDs were grouped into 19 distinct clades (table 1).
Age of Recently Duplicated KRAB-ZNFs
Many of the genes in human SDs are part of larger subfamilies that have been expanding since the early history of primates Huntley et al. 2006) . A small number (ZNF285, ZNF33B, ZNF773, ZNF658) have a clear homolog in nonprimate mammals based on the available genome sequences. Of all the recently duplicated genes, only PRDM9 recognizes clear orthologs in nonmammalian species; an ortholog has in fact been described in sea urchin making it the only known ancient KRAB-ZNF gene (Birtle and Ponting 2006) .
Determining the time point of the birth of new gene copies is complicated. The sequence identity of the MBE paralogous genes is a good approximation; however, due to different selection pressures or gene conversion, when judging purely from sequence similarity, copies can appear older or younger than they actually are. Presence or absence of orthologs in closely related species can also provide information on the age of a duplicated gene. However, the time resolution is poor because only a few primate genomes are available, and the unfinished status of the nonhuman primate genomes and lineage-specific loss of gene copies makes this method also less than completely reliable. To define the best possible estimate of the age of the SD-KRAB-ZNF genes, we used both approaches, that is, we combined information about sequence similarity of the complete SD region with information about orthologs in chimpanzee, orangutan, and rhesus macaque genomes (Nowick K, Gernat T, Fields C, Caetano-Anolles D, Kholina N, Stubbs L, in preparation) (table 1).
SDs containing 3 of the 50 genes are .99% identical to their closest paralogs, suggesting that the duplication may have occurred in the human lineage. Likewise, four paralogs are .97% identical over the SD lengths and four others show .94% sequence similarity, indicating creation on the human-chimpanzee or great ape lineages, respectively. By contrast, ortholog information in other primate species would indicate that two KRAB-ZNFs were created in the human lineage, five within the human-chimpanzee lineage, and ten within the great ape lineage.
For 15 genes, we obtained different estimated ages depending on the method used. For ten genes, the dating based on sequence similarity suggested that the genes were older than we would have estimated based on ortholog presence (e.g., the low similarity of sequence for these duplicates would have led us to expect to find the genes in more distantly related primate species) (table 1). In these cases, it is possible that the true ortholog might have been lost in the sister species or the paralogs may have diverged more quickly than the genome-wide average. In contrast, five genes (ZNF658B, ZNF705B, ENST00000398526, ZNF733, and ZNF734 or ZNF479) appear younger based on sequence similarity than we would expect based on ortholog information (e.g., they are highly similar to parental genes in sequence, but both paralogs are found in more distantly related primates). It is possible that these genomic regions have undergone negative selection or gene conversion events, keeping their sequence relatively unchanged despite their evolutionary age.
In summary, SDs contain a large number of KZNF loci (including genes and pseudogenes), and most of these are members of the KRAB-ZNF family. About one-third (50) of the recent KZNF duplications gave rise to genes that encode proteins with archetypal KRAB-ZNF structure. About half of the KZNF loci (46.5%) correspond clearly to pseudogenes; the remaining duplicates correspond to potential coding genes without canonical structure. The fraction of pseudogenes is comparable with the genome-wide pseudogene content of ;20.000 pseudogenes in the human genome (Zhang et al. 2002; Torrents et al. 2003; Zhang and Gerstein 2003) . It was estimated that 30% of all human pseudogenes have arisen by SD (Torrents et al. 2003) . However, the fraction of pseudogenes differs considerably between gene families and ranges from 98% for ribosomal proteins (Zhang et al. 2002) to 52% for olfactory receptors (Niimura and Nei 2005; Matsui et al. 2010 ) and to 7.7% for nuclear receptors (Zhang et al. 2008) in the human genome. Nearly, all KZNF pseudogenes that reside within SDs are products of partial duplication and very few full-length loci have accumulated mutations that would suggest loss of function. The available data therefore indicate that a large proportion of the duplicates containing an intact KRAB-ZNF-coding sequence have survived as functional genes. Theory suggests that after gene duplication, new gene copies must diverge functionally within a short period of time to be fixed in the population (Davis and Petrov 2005) . We therefore examined paralogous pairs of The boxes represent ZNF motifs, the letters are the four DNAbinding residues, degenerate fingers are indicated by ''***'' and deleted ZNF motifs are indicated by ''-.'' Differences are marked in red. ZNF587 and ZNF417 are distinguished by one degenerate finger and two sequence differences in the DNA-binding residues. ZNF37A is characterized by multiple ZNF deletions and loss of two ZNF motifs by truncation. Furthermore, several sequence differences in the DNA-binding residues exist between members of this clade.
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Structural and Sequence Divergence of Zinc Finger Domains between Paralogous Genes
Our next goal was to analyze sequence divergence between paralogous genes. Although neither method for estimating the age of a duplicate is perfect (see above), we decided to use the ortholog presence as our criteria. Because it is not based on sequence similarity measure, this approach is tolerant of the types of structural divergence-including duplications and deletions of whole finger motifs-that we have detected in previous studies with these genes (Shannon et al. 2003; Hamilton et al. 2006) . We attached evolutionary time frames to different patterns of paralog divergence by binning gene duplication events into three ''duplication epochs'': 1) orthologs present in humans and chimpanzees only and therefore duplicated within the past 12-15 Ma (HC); 2) orthologs in humans, chimpanzees, and orangutan (HCO, ,21-25 Ma); and 3) orthologs in all four investigated primate species (HCOR; .21-25 Ma). In total, we observed 7 ZNF duplications that we estimated to have occurred in the HC epoch, 10 in the HCO, and 13 in the HCOR epoch (table 1) . To identify homologous zinc fingers, we aligned the ZNF arrays of all clade members ( fig. 2B shows two examples). This analysis identified a variety of patterns of conservation and change among the recent primate duplicates. We focused on the types of change that are most likely to lead to functional differences, namely differences in the number and sequence of the DNA-binding domains as well as differences in domain composition of isoforms.
Differences in ZNF Number
Because each ZNF domain can potentially bind to DNA, differences in the number of finger motifs between paralogs might be predicted to lead to a change in the binding site. We manually aligned the DNA-binding domains of clade members to identify differences in the numbers of canonical Divergence of Primate-Specific KRAB-ZNF Genes · doi:10.1093/molbev/msq157 MBE or through mutations that lead to protein truncation ). In the latter case, zinc finger motifs that serve as protein-coding sequences in the parental gene copy may be found, sometimes quite intact, in the 3#UTR of the daughter gene ( fig. 2A) . Alternatively, the substitution of the paired cysteine or histidine residues creates a ''degenerate'' finger motif that cannot fold properly to bind DNA (Gebelein and Urrutia 2001) . To investigate different types of finger number changes further, we classified the types of finger number changes we observed as follows: 1) changes due to duplication or deletion (dupdel) within the protein-coding sequence, 2) changes due to truncation of the protein sequence (e.g., by introduction of a stop codon in one paralog), and 3) changes due to degeneration of fingers ( fig. 3A and supplementary fig.  S1 and table S4, Supplementary Material online).
Protein truncations lead to the highest finger number changes; this can be explained by the fact that when a stop codon is introduced in a finger array, multiple fingers can be lost from the coding sequence by a single mutation. Counting each truncation as one mutational event, they occur approximately as frequent as insertion/deletion events in each lineage. Insertions or deletions that change finger numbers were also detected quite often, whereas degeneration of fingers occurred least frequently in this group of recent primate duplicates. Note that these types of changes typically do not disrupt the capacity to encode a functional protein; because many human KRAB-ZNF genes encode proteins with 20 or more zinc fingers, even truncated DNA-binding domains typically retain enough motifs to ensure stable DNA binding. Furthermore, duplications and deletions in the ZNF arrays always affect whole finger domains, leaving the rest of the protein in frame and intact. We never observed finger sequences encoding partial motifs within the paralogous ZNF arrays, indicating that there is evolutionary constraint to keep these domains intact.
Differences in ZNF Sequence
Differences in the amino acid residues that contact the DNA can lead to changes in the specificity or stability of target-site binding (Choo and Klug 1994; Kim and Berg 1996; Greisman and Pabo 1997) . The amino acids involved in DNA recognition are at the positions 1, 2, 3, and 6 relative to the alpha-helical regions in each ZNF domain. We detected divergence in DNA-binding residues in almost all (87%) SD-KRAB-ZNF paralogous pairs (table 1) . Similarly to finger number differences, we found the most changes per unit of time in the most recent epoch analyzed (HC lineage) ( fig. 3B and supplementary fig. S1 ). We tested for accelerated evolution by calculating dN/dS between clade members on the whole protein. Mean dN/dS values are highest for genes duplicated on the HC lineage (0.93), followed by duplications on the HCO lineage (0.74) and genes already present in the HCOR lineage (0.72). This further strengthens the inference of faster evolution of the most recently duplicated KRAB-ZNF genes.
To gain more insight into which amino acid positions might be positively selected, we performed maximum likelihood analysis of synonymous and nonsynonymous changes per codons between clade members. Four clades stand out by having positively selected sites (table 1) : Clades 11, 13, 14, and 16. Strikingly, in all cases, the majority of significant sites (posterior probability of P . 0.95% for of omega being .1) are the DNA-binding residues (67%, 72%, 100%, and 50%, respectively), which is significantly more than expected by chance (Fisher's exact test: P 5 0.024, 2.48 Â 10
À9
, 5.34 Â 10 À5 , and 0.027, respectively). For several groups of paralogous KRAB-ZNFs, it has been demonstrated previously that differences in DNA-binding residues are accumulating by positive selection (Shannon et al. 2003; Hamilton et al. 2006 ). Our analysis demonstrates that positive selection also acts on very recently duplicated KRAB-ZNF genes, potentially to increase diversification in target gene regulation. For instance, one of the clades (Clade 11) shows evidence of positive selection for DNA-binding residues duplicated on the lineage to humans and chimpanzees.
Differences in Isoforms
In addition to alterations in the ZNF array sequence and structure, variation in splicing patterns can further contribute to functional divergence between paralogous genes. Many KRAB-ZNF genes can produce alternative products that exclude either KRAB or ZNF domains . ZNF proteins without a KRAB-A domain are not able to recruit the corepressor, KAP-1, and may therefore not function as transcriptional repressors. In addition, alternative splicing frequently produces KRAB-ZNF proteins with different numbers of KRAB motifs; these different isoforms may have different repressive strengths (Vissing et al. 1995; Shao et al. 2006) . Note that ZNF numbers are not affected by alternative splicing because all the ZNF domains are encoded in a single exon.
We compared splicing patterns for paralogs in each clade (supplementary table S5, Supplementary Material online). Many (58%) of the SD-KRAB-ZNF genes give rise to at least two different alternatively spliced isoforms. About half of them (22 genes) produce variants with a different domain composition than predicted from the full-length gene model (marked in bold in supplementary table S5, Supplementary Material online). In about half of the clades (14 clades), members generate alternative splice products with different domain compositions. To quantify these splicing changes, we compared the numbers of alternative splice products documented for each pair of paralogous genes. For instance, in Clade 4, ZNF492 gives rise to two alternative splice forms, whereas its paralog, ZNF739, produces only one alternative form with a structure that is different from either of the ZNF492 variants. ZNF492 therefore has gained two splice variants (or ZNF739 has lost these two variants), whereas ZNF739 has gained one variant (or ZNF492 has lost this one variant) compared with its paralog. In total for this clade, we therefore counted three splicing changes. We observed significant differences in the number of splice differences between the epochs (ANOVA, P 5 0.027). Similar to our Nowick et al. · doi:10.1093/molbev/msq157 MBE observations on sequence differences, we found the most splicing changes per time in the latest epoch analyzed (HC lineage) and the fewest in the HCOR lineage ( fig. 3C) .
It is interesting to note that, although most of the zinc finger changing events and splicing differences we documented were found in duplicates older than 25 My, correcting for the time since duplication, the younger gene copies show higher rates of divergence. One possible interpretation of this finding is an accelerated evolution of human-chimpanzee-specific KRAB-ZNF genes. An alternative interpretation is that in this most recent set, we can only look at a snapshot of evolution. Soon after duplication, a new gene copy (or both the new and the old genes) can acquire sequence or expression changes that allow acquisition of new function; under the influence of positive selection, the new gene might therefore escape elimination from the genome. Once the new function is established, stabilizing selection may operate to keep the new gene intact, leading to a slower pace of changes (purifying selection). Although genes created in the ancestor of old world monkeys might already be in the phase of stabilizing selection, the most recently duplicated genes might still be in the earlier phase under accelerated evolution.
However, these data do show that both point mutations and deletions/duplications can potentially occur rapidly enough to drive potential functional divergence in even very recently generated KRAB-ZNF paralogs. We observed changes in the DNA-binding residues, more often than finger number changes (arising from truncating nonsense mutations, deletions, or duplications; fig. 3 ). In contrast to changes in finger number, each single change in DNA-binding sequence may have a smaller but still potentially important effect on the functional divergence of paralogous genes. Splicing differences that change domain structure can also have dramatic impact on paralog function, providing an additional effective path for functional divergence between paralogous KRAB-ZNF genes.
Expression Differences of Paralogs
Changes in patterns of tissue-specific expression can also produce a dramatic effect on the functions of paralogous genes. Therefore, we turned next to a comparison of gene expression patterns of recently duplicated paralogous KRAB-ZNF gene pairs. Our goals were twofold: 1) to investigate the degree to which expression-pattern differences might distinguish pairs of recently duplicated KRAB-ZNF paralogs and 2) to use the expression information to identify other genes with which the KRAB-ZNF duplicates might interact.
Differences in Tissue Expression Patterns
We used qPCR in cDNA from 13 human tissues to determine expression patterns for SD-KRAB-ZNF genes. Because of the high sequence similarity of some paralogs, the design of specific qPCR primers was not possible for all genes. We could, however, perform qPCR assays for eight clades: Clade 5 whose members diverged on the HC lineage, Clades 7, 13, and 16 whose members diverged on the HCO lineage, and Clades 3b, 8, 9, 10, and 14 whose members already exist in rhesus macaque according to our ortholog dating. We used GAPDH as an internal control to normalize expression values for each KRAB-ZNF in each tissue (see Materials and Methods).
Overall, we found the highest levels of expression for SD-KRAB-ZNF genes in brain, fetal brain, lung, pancreas, and uterus ( fig. 4) . Interestingly, although some sets of paralogs display very similar expression patterns, others have diverged considerably (fig. 4) . We calculated Pearson's correlation values between expression patterns in the 13 tissues for each gene pair (table 2) . Clades 3b, 10, 14, and 16 stand out as the clades that have changed most significantly in paralog expression profiles. These clades have a lower average sequence similarity in their 5#UTR and putative promoter regions (2,000 bp upstream) than the clades with significant expression correlation (table 3) . In fact, we observed a marginally significant correlation between sequence similarity in promoters and expression correlation (Spearman's rank correlation, q 5 0.636, P 5 0.05). This indicates that cis-regulatory changes or changes in the 5#UTRs are possible sources of the expression divergence. For all paralogous gene pairs, we further found that expression levels of the two genes are significantly different in most tissues as assessed by expression differences between genes being larger than two standard deviations of the expression levels of the individual genes (supplementary fig. 1 , Supplementary Material online). In most cases, one paralog is expressed at clearly higher level than the other one across all tissues.
Our sample size is too small to make solid inferences for the degree of expression change for the different epochs. However, several of the pairs with different expression have evolved ,24 Ma and one ,12 Ma, indicating that functional divergence by changes in expression can indeed occur very quickly.
Change of Coexpression Partners
To gain functional insight into in which gene regulatory networks the SD-KRAB-ZNFs might be involved, we analyzed Affymetrix microarray data from a previously published study, obtained from five different human tissues each from six individual humans (Khaitovich et al. 2005) . To ensure unique expression measurements for each gene, we excluded probes matching more than one location in the human genome as described in our recent report (Nowick et al. 2009) . Expression values for paralogs in four clades (Clades 7, 8, 12 , and 15) could be obtained. We first compared the microarray data with qPCR expression data. In general, we found a very good correlation between these two data sets (supplementary table S6, Supplementary Material online); the exception to this rule involved expression data for one gene, ZNF33B. The reason for this discrepancy is unclear, possible explanations can be differences in the probe/primer design between the platforms or Divergence of Primate-Specific KRAB-ZNF Genes · doi:10.1093/molbev/msq157 MBE real expression differences between the samples used; but for reliability, we excluded ZNF33B from the following analysis.
Using the microarray expression values, we identified for each SD-KRAB-ZNF the genes with correlated expression patterns (see Materials and Methods). These correlated sets of genes are presumably functionally related and work together in the same pathways (Spellman et al. 1998) . We determined the degree of overlap between correlated gene sets for each paralogous pair to surmise functional change between the paralogs (supplementary table S7, Supplementary Material online). Although the genes of Clades 7 and 8 have significantly more correlated genes in common than expected by chance (P 5 0.01 and 0.04, respectively), the genes of clade 15 behave similar to randomly selected genes (P 5 0.18). ZNF727 versus ZNF736 of Clade 12 do not share any correlated genes, as also observed for 86/100 randomly selected genes, and are therefore not different from unrelated genes. As expected, the degree of overlap is strongly (although not significantly due to small To further characterize this predicted functional change, we determined the GO groups overrepresented among correlated genes of each of these SD-KRAB-ZNFs. As expected, the overlap in GO groups between paralogs drops with lower numbers of overlapping correlated genes (supplementary table S7, Supplementary Material online) and also reflects high functional divergence in many recently duplicated KRAB-ZNFs. A complete list of the enriched GO groups can be found in supplementary table S8, Supplementary Material online. Some interesting predictions arise from these comparisons. For example, even though paralogs ZNF417 and ZNF587 (Clade 7) display very similar expression, highly conserved sequence, and no splicing differences, of the 30 GO groups enriched among ZNF417-correlated genes, 19 are distinct for ZNF417. At this point, we can only speculate what causes these functional differences, but it seems possible that differences in the expression level (supplementary fig. S2 , Supplementary Material online) and/or sequence differences in a few DNA-binding amino acids ( fig. 2B ) are sufficient to get linked with different pathway partners or to regulate different targets. Many of the GO groups specifically enriched among the correlated genes of the great ape-specific ZNF417 are associated with brain development and neuron differentiation, whereas these functions are not associated with the more ancient gene copy, ZNF587 (table 3) .
In summary, we found that all paralogous KRAB-ZNF gene pairs we investigated displayed significantly different expression levels in most tissues, and many pairs have acquired differences in their tissue preference as well. The difference in tissue preference is higher for genes with more sequence divergence in the upstream regions of the coding sequence, indicating changes in cis-regulatory regions of the KRAB-ZNF genes. These changes in paralog gene expression are accompanied by a switch in the identities of genome-wide sets of correlated genes. Our analysis is in line with findings by Chung et al. (2006) who observed that recently duplicated genes quickly change coexpression partners. A change in the set of correlated genes implies different integration into the gene regulatory network and therefore potentially different regulation and different targets of the paralogs.
Conclusions
SD is a major driver of gene family expansion (Bailey and Eichler 2006) and has played a primary role in expansion and diversification of the KRAB zinc finger family of TFs but also other types of TF genes, for instance, the FOXD4 family of genes. We show here that KZNF genes, mainly composed of the class of KRAB-ZNFs genes, are significantly enriched among recently duplicated TFs in the human genome. After strict filtering, we identified 50 KRAB-ZNF protein-coding genes that reside within SD; these 50 genes can be classified into 19 separate clades. We estimated the age of each gene by presence or absence of orthologous genes in the chimpanzee, orangutan, and rhesus macaque genomes. The oldest gene duplications included in this survey occurred in the common ancestor of humans, great apes, and Old World Monkeys, whereas ten KRAB-ZNF gene pairs are specific to great apes; two of these SDs contain potentially functional human-specific genes.
Pairs of recently duplicated paralogs display a variety of different types of sequence changes within the ZNF array as well as divergence in splicing and tissue-specific expression patterns. Together these data suggest a strong drive for neofunctionalization after duplication in the KRAB-ZNF TF family, the prolific diversification of which is likely to have affected the structure and function of primate regulatory networks. Zinc finger duplications and finger-sequence divergence have also been documented in a rodent-specific KRAB-ZNF cluster including some very recently duplicated members involved in the regulation of sex-limited traits (Krebs et al. 2005) . The determination of traits like these, which are known to be under intense evolutionary selection, provides an excellent example of the types of pathways in which KRAB-ZNF genes are likely to function. Given the fact that each novel TF may affect the expression of hundreds of downstream genes, the TFs within human SDs are likely to hold important keys to our evolutionary history. The true impact of this divergence will require a detailed look at regulatory targets and DNAbinding sites for the primate proteins, an analysis that is currently underway.
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